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Nowadays, refrigerated food storage and transport vehicles are very common. However, with regard to the engine of vehicles, a significant amount of heat is discharged into the environment in the form of exhaust gas and jacket water. If the cooling system is used to convert this waste heat into cooling capacity, the thermal efficiency of the engine will be improved to a certain extent. Therefore, this paper uses two waste heat recovery jet refrigeration systems to recover heat from the exhaust gas and jacket water of the refrigerated vehicle. One is a conventional jet refrigeration system that uses only engine exhaust as the heat source, and the other is a system that adds a preheater upstream of the generator based on the conventional system, using engine jacket water to preheat the working fluid. This paper presents the results of comparing the impact of R141b/R123, R141b/R245fa, R142b/R134a, and R142b/R152a working fluids on system performance, and considers the effects of operating temperature and secondary flow pressure drop in the ejector receiving chamber on the system performance. The research results indicate that of the four selected working fluids, the R141b/R245fa (0.4/0.6) blend has the best overall performance. After the addition of a preheater, the system using R142b/R134a (0.6/0.4) hybrid working fluid achieves the maximum cooling capacity of 16.0994 kW and the maximum thermal efficiency of 5.45%, and the exergy loss in the generator is 1 kW lower than without the preheater.
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1 INTRODUCTION
With the rapid improvement of people’s living conditions, the requirements for the quality of life continue to increase, which puts forward strict requirements for low-temperature preservation of food and long-distance frozen transportation (Liang et al., 2023a). Thanks to the continuous popularization of automobiles, the continuous improvement of low-temperature facilities and urban construction infrastructure, and the expansion of road networks in recent decades, refrigerated trucks of various specifications have entered people’s lives, realizing long- and short-distance low-temperature food refrigeration and preservation (Farzaneh-Gord et al., 2020). As we all know, only about 30%–40% of the energy released by fuel combustion in automobile engines can be converted into effective power output. Most of the remaining energy is discharged to the environment in the form of heat through jacket water and exhaust gas. Therefore, the consumption of fuel can be directly reduced if this part of the heat can be effectively used and converted into cold energy or electricity for use in the car in some way. This is beneficial to the reduction in waste of resources. More and more scholars apply the ejector refrigeration cycle to the waste heat refrigeration of automobiles, because of its small size, simple and compact structure, light weight, less moving parts and vibration. Even cars are running in complex road conditions, the ejector refrigeration system can operate relatively smooth (Chen, et al., 2014). Therefore, this paper considers the use of jet refrigeration for waste heat recovery of refrigerated vehicles, and the obtained cooling capacity is used to meet the refrigeration requirements of refrigerated vehicle compartments, and the performance of the system is theoretically analyzed. At present, most of the research on ejector refrigeration cycle is based on subcritical cycle. On this basis, this work is basically aimed at improving the performance of the system, and the main objective is to seek excellent refrigerants, improve the ejector, and study the combined cycle.
The refrigerant selection of the ejector refrigeration cycle is still dominated by pure working fluids, and binary or ternary mixed working fluids are rarely used, and new refrigerants with excellent performance and environmental friendliness are being actively sought to replace traditional refrigerants. Chen et al. (2016) proposed a new model to predict the performance of ejector refrigeration, and comprehensively evaluated R290, R717, R152a, R134a, R600a, R142b, R124, R600, R141b, R123 from the aspects of coefficient of performance (COP), safety, economic benefits and environmental friendliness under critical conditions. As for the sorting of COP, R290 > R717 > R152a > R134a > R600a > R142b > R124 > R600 > R141b > R123, the COP of R290 can reach up to 1.3, and the comprehensive evaluation shows that two relatively excellent refrigerants are R290 and R134a. Chen et al. (2014) and others simulated and analyzed the performance of four wet fluids, four dry fluids and one isentropic fluid (R134a, R152a, R290, R430A; R245fa, R600, R600a, R1234ze; R436B) in ejector refrigeration systems, and made the primary flow overheated. The results show that the COP of the four dry fluids is the highest, ranging from 0.33 to 0.38, followed by the four wet fluids, and the COP of the isentropic working fluid R436B is the lowest, only 0.18. Mwesigye and Dworkin. (2018) considered R1233zd(E), HFO1336mzz(Z), R1234ze(Z), R600, RE245fa2, and RE245fa2 as alternative refrigerants for R141b and R245fa, and studied the system’s performance under critical and subcritical conditions. It is found that R600, R1234ze(Z) and R1233zd(E) have better performance, their COPs are in the range of 0.35-0.60, 0.20-0.45, 0.14-0.30, respectively, while the system using HFO1336mzz(Z) has the worst performance.
The ejector is a particularly important component in the ejector refrigeration system, which has an important influence on the performance of the entire system (Shi et al., 2024). proposed a two-stage auto-cascade refrigeration cycle with two ejectors and found that the addition of two ejectors increased the COP and cooling capacity by 29.43% compared to the conventional two-stage auto-cascade refrigeration cycle, resulting in a significant improvement in performance. Mwesigye et al. (2020) explored the effect of different area ratios of ejectors on the performance of ejector refrigeration systems using R1233zd. They found that under optimal conditions, the COP of the system increases with the increase of the area ratio, and the ejector performance increases with decreasing generation temperature or increasing area ratio. Additionally, the largest exergy losses occur in the ejector as it increases as the temperature decreases and the area ratio increases (Liang et al., 2023b). proposed a novel transcritical CO2 cogeneration system and comprehensively analysed the performance of the system from a thermodynamic and economic point of view. The system was found to provide 502.8 kW of cooling to a cold store with a net power of 97.32 kW and to perform better than a system without an ejector. Since the environmental conditions and cooling capacity of the ejector are limited by the fixed geometry of the nozzle, Dennis et al. (2015) proposed a method to design the variable throat diameter and variable nozzle outlet diameter of the ejector, which aims to enable solar-driven ejection type refrigeration system with better operating performance. The position of the nozzle is also an important parameter affecting the efficiency of the ejector. Zhang et al. (2017) used R600a as the refrigerant to fix the geometry of the ejector, and discussed the effect of the nozzle position on the ejection rate and pressure lift through computational fluid dynamics technology, as well as summarized methods for optimizing injector design.
In addition to considering ejector refrigeration systems for cooling alone, many studies have also considered combining ejector refrigeration with other systems, such as the Rankine cycle, to obtain multiple outputs simultaneously. Yu and Du. (2010) theoretically analyzed and optimized the thermodynamic performance and economy of the jet power generation refrigeration cycle, and compared the thermodynamic properties of the system using six pure working fluids (R141b, R245fa, R600, R600a, R601, R601a) and mixed working fluids (R245fa/R601a) at different mixing ratios. They found that the system and performance are the best when the mixing ratio of R245fa/R601a is 0.4/0.6. In terms of economy, however, the system economy is the best only when R245fa is pure working fluid. Dai et al. (2009) proposed a novel cogeneration cycle, where a turbine is connected behind an ejector refrigeration system generator, thereby realizing the combination of ejector refrigeration and Rankine cycle to simultaneously output electricity and cooling capacity. In addition, the exergy analysis showed that the exergy losses in the boiler and ejector are larger. Zhang et al. (2023) proposed a novel combined power-cooling cycle using a hybrid liquid-gas-gas injector to improve system efficiency, and developed an integrated fluid flow model for the injector, which reduced the minimum cooling temperature by 20.5%, and the cooling capacity was significantly better than that of the one operating at a much larger temperature differential. Yang et al. (2015) conducted a research on the same cycle, but used a non-azeotropic mixture of isobutane/pentane as the refrigerant to compare the performance of the power generation refrigeration system with different components. Results showed that the exergy failure of each component varies with the change of the mixing ratio of the components, and the generation temperature has the greatest impact on the system performance while the evaporation temperature has the least impact. There is another combination of jet type and Rankine cycle. Wang et al. (2009) extracted part of the steam from the turbine as the primary flow to inject the secondary flow from the evaporator, and the mixed flow at the outlet of the ejector was combined with the turbine. The exhaust gas is mixed, and thermodynamic analysis found that most of the exergy losses comes from the generator, ejector, and turbine, therefore, structural optimization of these components should be focused.
With regards to the performance of the ejector refrigeration system, the use of a refrigerant with a low critical temperature can also be considered to improve the performance through a transcritical cycle, in addition to the combined cycle. Compared with the subcritical cycle, the biggest feature of the transcritical cycle is that it has temperature glide, which makes the working fluid absorb heat at variable temperature in the heat exchanger instead of constant temperature absorption, so as to better match the temperature of the heat source with less irreversibility and higher COP. At present, there are few studies on the ejector refrigeration transcritical cycle. Yu and Du. (2010) theoretically analyzed the influence of the main operating parameters on the performance of a transcritical ejector refrigeration cycle using R143a, and compared it with the traditional subcritical ejector refrigeration cycles using R134a. They pointed out that for systems operating in a transcritical state, special considerations are required in their manufacture due to their high working pressures. In order to find a refrigerant more suitable for ejection transcritical ejection refrigeration cycle, Wang et al. (2015) compared the performance of CO2, R1270, R32, R143a, R125 and R115 in ejector refrigeration cycle, and the results revealed that among the refrigerants, R1270 is the most suitable refrigerant for the transcritical cycle. In addition, the COP of the transcritical cycle is higher than that of the subcritical cycle. In addition, Bao et al. (2017) proposed a transcritical jet power generation refrigeration cycle, and considered the influence of seven working fluids with low critical temperature (R744, R32, R125, R115, R1234yf, R1234ze, R134a) and operating parameters on system performance. Results showed that R1234ze has the highest thermal and exergy efficiencies.
Based on the above content, two jet refrigeration cycle systems are designed in this paper: one is a system using engine exhaust as the heat source, and the other is a system using both jacket water and engine exhaust as the heat source. Furthermore, a comparative analysis was conducted on the impact of four different working fluid mixtures, namely, R141b/R123, R141b/R245fa, R142b/R134a, and R142b/R152a, on the performance of the two systems. This provides new insights and methods for the optimization design of ejector refrigeration systems. The main research contents of this paper are as follows:
(1) The thermodynamic models of conventional ejector refrigeration system and preheater ejector refrigeration system for waste heat recovery of refrigerated vehicles are established by Matlab, and the models are verified.
(2) Using the operating parameters (including the generation temperature, condensation temperature, and evaporation temperature), the type of mixed working medium, the mass fraction ratio of the mixed working medium, and the pressure drop of the secondary flow in the receiving chamber of the ejector as variables to explore its performance on the designed system Influence law of evaluation indicators (cooling capacity, COP, exergy destruction, exergy efficiency).
(3) According to the model calculation results, it is judged whether the cooling capacity of the two systems under different conditions can meet the cooling capacity of the refrigerated truck compartment, and the conventional injection refrigeration system for waste heat recovery of refrigerated vehicles and the preheater injection refrigeration system are evaluated respectively. The optimal working fluid of the refrigeration system and its optimal mass fraction ratio.
2 SYSTEM DESCRIPTION
Taking engine exhaust gas or jacket water as the heat source, the ejector refrigeration system for waste heat recovery of refrigerated trucks converts the heat into cold energy to provide cooling for the compartment. As shown in Figure 1, and its main components are generator, ejector, condenser, evaporator, circulating pump and throttle valve (Pan et al., 2020). Figure 2 shows the pressure-enthalpy diagram and temperature-entropy diagram of the ejector refrigeration system. The refrigerant liquid at the outlet of the condenser (point 3) is divided into two parts: one part of the refrigerant liquid is pressurized by the circulating pump (point 5) and absorb the heat from the exhaust gas of the refrigerated truck to become a high-temperature and high-pressure refrigerant steam in the generator (point 8); the other part of the refrigerant liquid is throttled by the throttling valve (point 4) and absorb the heat of the refrigerant to become a low-temperature and low-pressure refrigerant vapor in the evaporator (point 1) to achieve the cooling effect. The high-temperature and high-pressure refrigerant vapor is expanded in the ejector to form a low-pressure area, and then ejects the low-temperature and low-pressure refrigerant vapor from the evaporator to form a mixed flow which flows out of the ejector after being compressed (point 2). The mixed flow is condensed into refrigerant liquid in the condenser to enter the next cycle (Pan et al., 2020).
[image: Figure 1]FIGURE 1 | Layout diagram of ejector refrigeration system for waste heat recovery of refrigerated truck.
[image: Figure 2]FIGURE 2 | Pressure-enthalpy diagram and temperature-entropy diagram of ejector refrigeration system for waste heat recovery of refrigerated truck.
3 MODEL DESIGN AND ANALYSIS METHOD
In order to facilitate the simulation of the system, the following assumptions are made for the operation of the entire system (Dai et al., 2009):
The refrigerant is in the state of saturated liquid at the outlet of the condenser, in the state of saturated vapor at the outlet of the evaporator, and in the state of superheat at the outlet of the generator.
The system runs stably, without the pressure drop of the pipeline or the heat loss of each component to the environment.
The refrigerant is throttled without enthalpy change at the throttle valve.
3.1 Ejector thermodynamic model
The ejector is the core component of the ejector refrigeration system (Chen et al., 2017). The mixing model of the ejector can be divided into two types, one is the equal-pressure mixing theoretical model, and the other is the equal-area mixing theoretical model (Li et al., 2014). The isobaric mixing model means that the primary and secondary flows start to mix at a constant pressure before the equal-area section of the mixing chamber, and the equal-area mixing model means that the primary and secondary flows start at different pressures within the equal-area section of the mixing chamber mixed (Liang et al., 2020). A large number of studies on ejectors have found that the performance calculated by the isobaric mixing model is better than that of the equal-area mixing model (Li et al., 2014). Therefore, the one-dimensional isobaric mixing model is used for the simulation of the ejector in this paper. The schematic structure of the ejector is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Ejector structure diagram.
Due to the complicated flow state and heat transfer mechanism of the fluid inside the ejector, some assumptions should be made to simplify the calculation process of the ejector, as follows:
(1) The inner wall of the ejector is adiabatic, that is, the heat loss is ignored;
(2) The flow process of the fluid inside the ejector is a one-dimensional stable flow process (Dai et al., 2009);
(3) The velocities of the primary flow, the secondary flow at the ejector inlet, and the mixed flow at the ejector outlet are ignored (Chen et al., 2014);
(4) The mixing process in the ejector is an isobaric mixing process and conforms to the conservation of energy, mass and momentum (Yan et al., 2015).
(5) The energy loss in the ejector is replaced by nozzle efficiency [image: image], mixing efficiency [image: image], diffusion efficiency [image: image], etc., and keep the efficiency constant during operation (Shen et al., 2020).
(6) The pressure drop of the secondary flow in the receiving chamber of the ejector is a certain value (Li et al., 2014).
As a very important parameter to measure the performance of the ejector, the ejection rate is defined as the ratio of the mass flow of the secondary flow to the mass flow of the primary flow, which indicates the carrying capacity of the primary flow to the secondary flow. Considering the energy loss of the ejector in the model, the expression of the ejection rate can be obtained from Eq. 1 on the basis of the conservation of momentum (Chen, et al., 2014):
[image: image]
The nozzle efficiency [image: image], mixing efficiency [image: image] and diffusion efficiency [image: image] in the ejector are respectively defined by Eqs 2–4:
[image: image]
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where vb and vbi represent the actual velocity and ideal velocity of the shock front mixing flow, respectively.
The flow process of primary flow can be calculated from Eqs 5–10:
[image: image]
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The flow process of secondary flow (isentropic process) can be calculated from Eqs 11–14:
[image: image]
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The mixing process can be calculated from Eqs 15–17:
[image: image]
[image: image]
[image: image]
The diffusion process can be calculated from Eqs 18–20:
[image: image]
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3.2 Thermodynamic analysis and model validation
3.2.1 Thermodynamics first law analysis
Since the thermodynamic process of the ejector refrigeration system and the ejector refrigeration system with preheater are very similar, only the ejector refrigeration system is taken as an example to introduce its thermodynamic modeling process.
According to the law of conservation of energy, the calculation formulas (Eqs 21–23) can be determined for other components in the waste heat recovery jet refrigeration system of the refrigerated vehicle:
For the generator:
[image: image]
For the evaporator:
[image: image]
For the pump:
[image: image]
For a refrigeration system, the coefficient of performance is the most important performance index, which is defined by Eq. 24 (Yu and Yu, 2021):
[image: image]
3.2.2 Thermodynamics second law analysis
Based on the second law of thermodynamics, the exergy formula for each state point in the system is shown in Eq. 25 (Pan et al., 2020):
[image: image]
where, h0 and s0 represent the enthalpy and entropy of the medium at ambient temperature and ambient pressure, respectively.
According to the exergy of each state point, the exergy loss of each component of the system can be calculated by Eqs 26–31:
For the evaporator:
[image: image]
For the ejector:
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For the condenser:
[image: image]
For the circulation pump:
[image: image]
For the evaporator:
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For the throttle valve:
[image: image]
Exergy efficiency is another important evaluation parameter, and its expression is (Pan et al., 2020):
[image: image]
where Eref and Ein are calculated as shown in Eqs 33, 34:
[image: image]
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3.2.3 Model validation
In this paper, the one-dimensional isobaric mixing ejector model (Li et al., 2014) is adopted, where the secondary flow pressure drop is considered. The ejector model used in this paper is verified using the calculation results in Yang. Based on the ejector model used in this paper, the initial conditions given by Yang are used for simulation, and compared with the relevant parameters of the state point inside the ejector calculated in the original text, as shown in Supplementary Appendix A1. The results show that the simulation results are basically consistent with the results of the literature, and the error is within the allowable error range, which proves that the accuracy of the ejector model used in this paper is sufficient.
In addition, in order to further verify the accuracy of the model, the experimental data in Huang (Yan et al., 2015) is used to compare with the theoretical data calculated by the model used in this paper under the same conditions, as shown in Supplementary Appendix A2.
3.3 The choice of mixed working fluid
At present, most of the researches on jet refrigeration use pure working fluid as refrigerant, and relatively few uses mixed working fluid. Since the heat exchange process is an isothermal and isobaric process, the pure working fluid cannot be well matched with the variable temperature heat source, resulting in a large amount of exergy loss in the heat exchanger. The boiling point of the non-azeotropic mixture changes with the change of the mixture components, and there is a temperature glide, and its heat transfer process is a temperature-changing phase change process, which can better achieve the temperature matching between the refrigerant and the heat transfer medium. Therefore, the non-azeotropic mixtures can effectively improve the performance of the jet refrigeration cycle. In addition, due to the complex and changeable operating conditions of automobiles, the exhaust temperature is not a fixed value. In order to better utilize the exhaust heat, this paper chooses to use the binary non-azeotropic mixture as the refrigerant of the waste heat recovery injection refrigeration system for refrigerated vehicles.
For the selection of mixed working fluids, there is no specific selection principle for the time being. However, the components that make up the mixed working fluid should meet the basic requirements of the ejector refrigeration system for refrigerants, including safety, environmental friendliness, chemical stability, thermal stability, economy and heat transfer. On the basis of meeting the above requirements, the selection of each component should be ensured that the boiling point difference of each component is appropriate to avoid the separation of components caused by the excessive difference in boiling point. The mixed working fluid only need to ensure that its critical characteristics, and standard boiling point can make the system run normally.
Therefore, based on the previous research on the refrigerants in the ejection refrigeration cycle, and taking into account the above factors, R141b/R123, R141b/R245fa, R142b/R134a, R142b/R152a were selected as the refrigerant of the waste heat recovery ejection refrigeration systems in the proposed two refrigerated vehicle. The characteristic parameters of each component of the mixed working medium and the characteristics of the mixed material are shown in Supplementary Appendix B1, B2.
3.4 Initial parameter settings
An engine with a rated power of 265 kW was selected for analysis. The exhaust temperature was 305.6°C, the exhaust flow was 572 kg/h, and the exhaust components are N2: 74.52%, H2O: 6.03%, CO2: 8.19%, O2: 11.26%.
For systems using mixed working fluids, the heat exchange process is not isothermal, but there is a certain temperature glide. Therefore, for the convenience of calculation, this paper defines the generation temperature as T6, the condensation temperature as T3a, and the evaporation temperature as T4. In addition, water is selected as the heat exchange medium in the condenser and evaporator.
The proposed waste heat recovery jet refrigeration system for the refrigerated vehicle is intended to provide cooling capacity for a Class A refrigerated vehicle with a size of 4900 mm × 2020 mm × 1860 mm and a surface area of 45.5384 m2 according to the cooling capacity calculation formula of the refrigerated vehicle proposed by (Gao et al., 2016):
[image: image]
Among them, [image: image] is the safety factor (2), K is the total heat transfer coefficient (0.7Wm-2 K−1), A is the total surface area of the box, T0 is the ambient temperature (20°C), and T is the target refrigeration temperature of the refrigerated truck compartment (Liang et al., 2020). According to Eq. 35, the cooling capacity required by the refrigerated truck at each target cooling temperature can be calculated, as shown in the following Table 1:
TABLE 1 | Cooling capacity required for different refrigeration temperatures.
[image: Table 1]In order to successfully carry out the simulation of the refrigerated vehicle waste heat recovery jet refrigeration system, it is necessary to set some known conditions, which are summarized in Table 2.
TABLE 2 | Assumptions required for system simulation.
[image: Table 2]4 PERFORMANCE ANALYSIS OF JET REFRIGERATION SYSTEM DRIVEN BY OF REFRIGERATED VEHICLES EXHAUST
The system analyzed in this chapter only uses the exhaust gas of the engine as the heat source, where the refrigerant exchanges heat with the exhaust gas in the generator. In order to explore the influence of different mass fractions of mixed working fluids on system performance, the working fluid type and mass fraction are used as variables, and other operating parameters are fixed, as follows: the generation temperature is set to 90°C, and the condensation temperature is set to is 30 °C, the evaporation temperature is set to 5°C, the superheat degree of the generator is set to 5°C, and the secondary flow pressure drop of the ejector receiving chamber is set to 5 kPa.
4.1 Influence of working fluid mixing ratio on system performance
Figure 4 shows the effects of different mass fractions of mixed working fluids on the performance of an ejector refrigeration system using only the exhaust gas of a refrigerated truck as the heat source of the generator. It can be seen from Figure 4A that the ejection rates of the four groups of mixed working fluids all first increase and then decrease. This is because in an ejector, the liquid mass is sprayed through a nozzle into a low pressure area and as the density of the liquid mass increases, the flow rate of the liquid also increases, thereby increasing the spray rate (Wang et al., 2019).
[image: Figure 4]FIGURE 4 | Effects of different mass fractions of mixed working fluids on the performance of an ejector refrigeration system. (A) Ejection rate as a function of mass fraction. (B) COP as a function of mass fraction. (C) Cooling capacity as a function of mass fraction. (D) Exergy efficiency as a function of mass fration. (E) Temperature glide of mixed working fluid as a function of mass fraction.
However, as the mixing ratio of the mixed work mass continues to increase, the viscosity of the mixture also increases. This increase in viscosity results in an increase in the resistance to flow of the mixture in the nozzle, resulting in a decrease in the injection rate. Among them, the ejection rate of R141b/R245fa and R142b/R134a changed most drastically with the mass fraction, while the ejection rate of R141b/R123 changed the most gently. Overall, the system using R141b/R245fa has the best ejection rate, almost all of which are higher than those using R141b/R123, and reaches a maximum value of 0.466 at a mass fraction of 0.3/0.7. The minimum ejection rate occurs when pure working fluid R134a is used, which is 0.3064. It can be seen from Eq. 1 that when the ejector model is fixed, the ejection rate mainly depends on the enthalpy value of each state point in each ejector, and this enthalpy value mainly depends on the type and nature of the working fluid.
Figure 4B shows the variation law of the coefficient of performance COP with the mass fraction. Consistent with the changing trends of ejection rate and cooling capacity, the four groups of working fluids all first increase and then decrease with the mass fraction. This is because, as can be seen from Eq. (24), the COP mainly has a positive correlation with the cooling capacity or the ejection rate. The COP of the system using R141b/R245fa and R142b/R134a is higher than the other two. When the mixture is R141b/R245fa, its maximum COP is 0.3418, which appears at the mass fraction of 0.4/0.6; among them, when the mixture is R142b/R134a, its maximum COP is 0.3379, which occurs at the mass fraction of 0.6/0.4; it is consistent with the position where the maximum Cooling capacity occurs.
Figure 4C shows the variation of system cooling capacity with refrigerant type and mass fraction. On the whole, in the four groups of mixed working fluids, the cooling capacity first increases and then decreases with the mass fraction, where the Cooling capacity of the system using R141b/R245fa, R142b/R134a, and R142b/R152a is much higher than that of using R141b/R123 in a wide range of mass fractions. The maximum cooling capacity appears when using R141b/R245fa (0.4/0.6), which is 11.0626 kW, but it is very different from the maximum cooling capacity (0.6/0.4, 11.0165 kW) obtained by using R142b/R134a. When only considering the mixed working fluid, in the range of mass fraction 0.1-0.5, the cooling capacity obtained by using R141b/R245fa is higher than other mixed working fluids, and in the range of 0.5-0.9, R142b/R134a is slightly dominant. Comparing Table 1, it is found that the cooling capacity of these four groups of mixed working fluids is much greater than the cooling capacity required by the refrigerated truck compartment at this evaporating temperature, regardless of the mass fraction ratio (Tashtoush et al., 2019). In addition, in order to obtain higher cooling capacity, it is recommended to select two refrigerants, R141b/R245fa or R142b/R134a.
Figure 4D shows the variation law of the exergy efficiency of the system. The variation law is similar to the first three, and the maximum exergy efficiency is 4.7% when R141b/R245fa (0.4/0.6) is used. The minimum exergy power of each group of working fluids appears in the state of pure working fluids, and the minimum exergy power when using R134a is only 3.37%.
In general, the change trends of these four evaluation parameters are basically the same, and the range of their maximum values is basically the same. The performance of the mixed working fluid is better than that of the pure working fluid, and each group of working fluids has the best performance at a certain mass fraction, which indicates that the use of mixed working fluids can improve the performance of the ejector refrigeration system. In terms of overall performance, among the four groups of mixed working fluids, that is, regardless of pure working fluids, R141b/R245fa is the best, R142b/R134a is slightly second, R142b/R152a is poor, R141b/R123 is the worst, where the optimal mixed working fluid and its ratio are R141b/R245fa and 0.4/0.6. The reasons for the above performance changes can be found by exploring the temperature glide of the mixed working fluid at different mass fractions.
Figure 4E shows the temperature glide of the four groups of mixed working fluids in the generator as a function of mass fraction. The variation law of the temperature glide is consistent with the variation law of the above four evaluation parameters, which indicates that the performance of the ejector refrigeration system using the mixed working fluid is related to the temperature glide. The greater the temperature slip, the higher the temperature matching degree with the variable temperature heat source, the greater the absorbed heat, the higher the average temperature, the greater the obtained primary flow and the secondary flow that can be ejected (Wang et al., 2020) is also larger, which results in better system performance.
Figure 5 shows the variation law of exergy loss of the six main components in the waste heat recovery jet refrigeration system with the mass fraction of the mixed working medium. No matter what kind of mixed working fluid is used, or what kind of mass fraction is used, the exergy loss of the generator is much higher than that of the other five components, and is basically around 7 kW; the exergy loss of the ejector is the second largest, basically around 3.5 kW; the third largest is the exergy loss of the condenser, which is probably in the range of 0.7-1. The exergy loss of the other three components is very small, but the exergy loss of the circulating pump using R142b/R134a and R142b/R152a is larger than that of using R141b/R123 and R141b/R245fa. No matter which part of the working fluid, the exergy loss does not change much with the mass fraction.
[image: Figure 5]FIGURE 5 | Variation of exergy loss of components with mass fraction using four sets of mixed working fluids. (A) Influence of the mass fraction of R141b/R123 on the exergy loss of each component. (B) Influence of the mass fraction of R141b/R245fa on the exergy loss of each component. (C) Influence of the mass fraction of R142b/R134a on the exergy loss of each component. (D) Influence of the mass fraction of R142b/R152a on the exergy loss of each component.
4.2 Effect of operating temperature on system performance
Operating temperature has a significant impact on system performance. In order to explore the influence of operating temperature on system performance, based on the data results in the previous section, with the optimal COP as the selection criterion, the optimal mixing ratios of the four groups of mixed working fluids are selected as the working fluids in this section (Yapıcı, 2008). The four groups of working fluids are: R141b/R123 (0.7/0.3), R141b/R245fa (0.4/0.6), R142b/R134a (0.6/0.4) and R142b/R152a (0.7/0.3). The standard operating conditions are set as: generation temperature is 90°C, condensation temperature is 30°C, evaporation temperature is 5°C, generator superheat degree is 5°C, and the secondary flow pressure drop in the ejector receiving chamber is set to 5 kPa. When exploring the effect of a certain operating temperature on performance, the remaining operating conditions are consistent with the standard operating conditions.
4.2.1 Influence of generation temperature on system performance
Figure 6 shows the variation of the performance of the waste heat recovery jet refrigeration system with the generation temperature. Four evaluation parameters all appear to increase with the increase of the generation temperature.
[image: Figure 6]FIGURE 6 | The variation of the performance of the waste heat recovery jet refrigeration system with the generation temperature. (A) Variation of Ejection rate with generation temperature. (B) Variation of cooling capacity with generation temperature. (C) Variation of COP with generation temperature. (D) Variation of exergy efficiency with generation temperature.
In Figure 6A, the ejector ejection rates of the R141b/R245fa (0.4/0.6) and R142b/R134a (0.6/0.4) systems are higher than those of the other two groups over the entire generation temperature range, where their ejection rate are close at the generation temperature of 70°C, and then the increase of the ejection rate of the R141b/R245fa (0.4/0.6) system is higher than that of the R142b/R134a (0.6/0.4) system with the increase of the generation temperature. The ejector ejection rates of the four groups of mixed working fluid systems all increase with the increase of the generation temperature, because the outlet temperature of the generator increases to enhance the enthalpy value of the corresponding state point increases when the generation temperature increases. When other conditions remain unchanged, the higher the enthalpy value of the exit point of the generator, that is, the higher the enthalpy value of the primary flow entering the ejector, the higher the ejection rate will be.
Changes in cooling capacity and COP are shown in Figures 6B, C. Comparing the two figures, it can be found that the variation law of cooling capacity and COP with the generation temperature is very similar. It can be seen that under the same generation temperature, R141b/R245fa (0.4/0.6) and R142b/R134a (0.6/0.4) are still the optimal mixed working fluid, and their cooling capacity and COP are not much different, which is consistent with the results in the previous section. For these two groups of working fluids, at about 85°C, the cooling capacity and COP of the two working fluid systems are equal, that is, an intersection occurs. Before this, the working fluid R142b/R134a (0.6/0.4) had a slight advantage, and then the cooling capacity and COP of the R141b/R245fa (0.4/0.6) system are slightly higher. This is because, as the generation temperature increases, the flow rate of the primary fluid decreases. It can be seen from Figure 6A that the ejection rate always increases with the increase of the temperature, where the ejection rate of the system using R141b/R245fa (0.4/0.6) is higher than the that of the other system. The R142b/R134a (0.6/0.4) system has a higher primary flow rate before the intersection, so it performs slightly better. With the increase of the generation temperature, the increase of the ejection rate of the R141b/R245fa (0.4/0.6) system is higher than that of the R142b/R134a (0.6/0.4) system, and the rate of increase in ejection rate is greater than the rate of decrease in primary flow, so the cooling capacity and COP increase with the temperature increase, and the performance of R141b/R245fa (0.4/0.6) is better than that of R142b/R134a (0.6/0.4) after the intersection.
Figure 6D shows that the variation law of exergy efficiency with the generation temperature is consistent with the variation of cooling capacity and COP. This is because when the heat source temperature and heat source flow remain unchanged, the exergy efficiency mainly depends on the revenue exergy of the refrigerant in the evaporator, which is a proportional relationship. In summary, the performance of the working fluids R141b/R245fa (0.4/0.6) and R142b/R134a (0.6/0.4) are both excellent, and can be selected according to the needs of the temperature and specific conditions.
4.2.2 Effect of condensation temperature on system performance
Figure 7 describes the performance of conventional ejector refrigeration for waste heat recovery of refrigerated trucks as a function of the condensation temperature of the condenser. It can be clearly seen that no matter which set of working fluid is used, the ejector ejection rate, evaporator cooling capacity, COP and exergy efficiency all decrease significantly with increasing condensation temperature (Anand et al., 2013). This is because an increase in the condensing temperature leads to a decrease in the temperature difference in the condenser and an increase in the energy consumption of the pump. A decrease in the temperature difference results in a decrease in the efficiency and COP of the refrigeration cycle. At the same time, an increase in the condensing temperature causes a decrease in the evaporation rate of the liquid mass in the injector. Evaporation of the liquid mass in the ejector is a key step in heat absorption refrigeration, and a decrease in the evaporation rate results in a decrease in the injection rate. From the perspective of system performance COP, when the condensation temperature is between 22°C and 36°C, the COP varies from about 0.15 to 0.7, up to 0.67 (R141b/R245fa: 0.4/0.6, Tc = 22°C). In the previous section, when the temperature increased from 70°C to 95°C, the lowest COP is 0.18 and the highest is only 0.36. From the perspective of cooling capacity, the cooling capacity is 5.5–21.8 kW in the range of changing condensation temperature. When the condensation temperature is 22°C, among the four groups of working fluids, the minimum cooling capacity is 18.8 kW (R141b/R123: 0.7/0.3), which is also much higher than the target cooling capacity required by the refrigerated truck compartment. It can also be seen from Figure 7D that the exergy efficiency is in the range of about 3%–9%, which is generally high. In terms of R141b/R245fa (0.4/0.6) working fluid, when the condensation temperature increases from 22°C to 36°C, the COP drops from 0.67 to 0.2, a drop of nearly 70%; the cooling capacity dropped from 21.7 to 6.6 kW, with a drop of nearly 69.6%; the exergy efficiency dropped from 9.2% to 2.8%, with a drop of about 69.6%. To sum up, it can be found that the condensation temperature has a great influence on the system, so the appropriate condensation temperature can be adjusted as needed.
[image: Figure 7]FIGURE 7 | Effect of condensing temperature on refrigerated truck performance. (A) Ejection rate as a function of condensation temperature. (B) Cooling capacity as a function of condensation temperature. (C) COP as a function of condensation temperature. (D) Exergy efficiency as a function of condensation temperature.
4.2.3 Effect of evaporation temperature on system performance
Figure 8 depicts system performance as a function of evaporating temperature. Under the condition that the generation temperature and condensation temperature remain unchanged, the ejection rate and cooling capacity COP of the system all increase with the increase of the evaporating temperature (Anand et al., 2013). An increase in the evaporating temperature leads to an increase in the temperature difference in the evaporator and a decrease in the energy consumption of the pump. Efficiency and COP are related to the temperature difference between the two ends of the evaporator, and an increase in the temperature difference leads to an increase in the efficiency of the refrigeration cycle. An increase in the evaporation temperature results in an increase in the evaporation rate of the liquid mass in the ejector. Evaporation of the liquid mass in the ejector is a key step in achieving refrigeration by heat absorption, and an increase in the evaporation rate leads to an increase in the injection rate. It can be seen from Figures 8B, C that the change characteristics of cooling capacity and COP are very similar. In addition, for the two groups of working fluids, R141b/R245fa (0.4/0.6) and R142b/R134a (0.6/0.4), the change curves of cooling capacity and COP have a high degree of coincidence, and they are better than the other two working fluids in the entire evaporation temperature range. It can be seen that the performance of these two working fluids is excellent and similar. As the evaporating temperature increases, the slope of the curve becomes larger, that is, for each unit of evaporating temperature increase, the cooling capacity and COP increase. This is because the heat exchange in the evaporator is more sufficient as the temperature rise occurs. When the evaporation temperature is as low as −2°C, among the four groups of working fluids, the lowest cooling capacity is 5.8 kW, the highest is 6.9 kW, the lowest COP is 0.18, and the highest is 0.21. It can be seen that the performance of the system is very low at this time, and the cooling capacity that can be obtained is difficult to meet the cooling capacity of the cabin corresponding to the evaporating temperature. Figure 8D shows that the exergy efficiency of the system first increases rapidly and then decreases slightly with the increase of evaporation temperature. The reason is that, it can be seen in Eq. 32 that the exergy of the evaporator is proportional to the cooling capacity and inversely proportional to the evaporating temperature, and the cooling capacity increases with the rise of the evaporating temperature, so there will be a change in the exergy efficiency that first increases and then decreases.
[image: Figure 8]FIGURE 8 | Effect of evaporation temperature on refrigerated truck performance. (A) Ejection rate as a function of evaporation temperature. (B) Cooling capacity as afunction of evaporation temperature. (C) COP as a function of evaporation temperature. (D) Exergy efficiency as a function of evaporation temperature.
4.3 Effect of secondary flow pressure drop on system performance
To improve the accuracy of the model, the ejector model used in this study does not ignore the pressure drop of the secondary flow. Therefore, in this section, the effect of the secondary flow pressure drop (5–25 kPa) on the ejector performance as well as the system performance is explored. Figure 9 shows the ejector ejection rate, system cooling capacity, COP and exergy efficiency with the change of pressure drop. The change rules of the four evaluation parameters of each group of mixed working fluids are basically the same, where the four evaluation parameters of two groups of mixed working fluids pf R142b/R134a (0.6/0.4) and R142b/R152a (0.7/0.3) all increase first and then decrease with the increase of pressure drop. In contrast, the four evaluation parameters of the systems using working fluids of R141b/R123 (0.7/0.3) and R141b/R245fa (0.4/0.6) decrease significantly with increasing pressure drop.
[image: Figure 9]FIGURE 9 | Effect of pressure drop on refrigerated truck performance. (A) Ejection rate as a function of pressure drop. (B) Cooling capacity as a function of pressure drop. (C) COP as a function of pressure drop. (D) Exergy efficiency as a function of pressure drop.
For the working fluid R141b/R123 (0.7/0.3), when the pressure drop is higher than 25 kPa, the outlet of the evaporator is very low, and the stable operation of the system cannot be guaranteed, so only the performance change in the range of 5–25 kPa pressure drop is considered. For the working fluid R141b/R245fa (0.4/0.6), the system cannot run stably when the pressure drop is higher than 35 kPa. For these two groups of working fluids, it can be clearly seen that the ejection rate, COP, etc. all drop sharply with the increase of pressure drop. When the pressure drop is 5 kPa, there is a maximum value, and the ejection rate, cooling capacity, COP, and exergy efficiency are respectively 0.391, 0.298, 9.637 kW, 4.10% for R141b/R123 (0.7/0.3), and 0.461, 0.341, 11.063 kW, 4.70% for R141b/R245fa (0.4/0.6). When the pressure drop is 25 and 35 kPa, the performance is the worst, the ejection rate, cooling capacity, COP, and exergy efficiency are respectively 0.180, 0.137, 4.436 kW, 1.89% for R141b/R123 (0.7/0.3), and 0.208, 0.154, 4.982 kW, 2.12% for R141b/R245fa (0.4/0.6), which makes the system cooling capacity and COP too low to meet the needs of refrigerated trucks. This is because, as can be seen from Supplementary Appendix B1, for the mixtures R141b/R123 (0.7/0.3) and R141b/R245fa (0.4/0.6), the critical temperature and critical pressure are 199.2481°C, 4.1186 Mpa and 175.8148°C, 3.8516 Mpa, respectively. The critical pressure and critical temperature are both high, so even if the generation temperature reaches 90°C, the corresponding generation pressure is still low (about 770 kPa, R141b/R245fa (0.4/0.6)), which makes the pressure of mixture lower in for the subsequent injection process, condensation process and evaporation process, and keep about 50 kPa before the secondary flow enters the ejector. The lower the overall operating pressure of the system, the more pronounced the effect of pressure drop on performance. Therefore, the performance of these two groups of mixed working fluids decreases rapidly with the increase of pressure drop.
The system performance using working fluids R142b/R134a (0.6/0.4) and R142b/R152a (0.7/0.3) first increased and then decreased with the increase of pressure drop, and the overall change was little, and both reached the maximum value when the pressure drop was 30 kPa. Emission rate, cooling capacity, COP, and exergy efficiency are 0.462, 0.363, 11.843 kW, 4.94% for R142b/R134a (0.6/0.4), and 0.428, 0.343, 11.165 kW, 4.67% for R142b/R152a (0.7/0.3). The reason for the different trend of the performance of these two groups of working fluids is different from the sharp decline of the above-mentioned two groups of working fluids. The critical temperature of these two groups of working fluids is relatively low, around 120°C. Therefore, when the generation temperature is 90°C, the generation pressure is relatively high, about 2.3 MPa, the overall operating pressure of the system is relatively high. The influence of pressure drop on performance is lower than that of the other two groups of working fluids. The pressure drop of the secondary flow is the representation of the energy conversion of the secondary flow in the receiving chamber of the ejector, that is, the pressure energy is converted into kinetic energy. The influence of the secondary flow velocity and the pressure level of the ejector on the system performance is opposite, so the two groups of mixed working fluids have an optimal pressure drop.
5 PERFORMANCE ANALYSIS OF REFRIGERATED TRUCK EXHAUST AND JACKET WATER DRIVEN JET REFRIGERATION SYSTEM
The system analyzed in this chapter is based on the conventional ejector refrigeration system, and a preheater is added before the generator to recover the heat of the engine jacket water. The system diagram is shown in Figure 10. It is assumed that the inlet temperature of the jacket water at the preheater is 90°C and the flow rate is 2.1 kg/s (Yu, 2013). Similarly, in this chapter, the influence of the mass fraction ratio of the mixed working medium on the system performance is firstly analyzed, and then the changes of the performance parameters with the operating temperature and the pressure drop of the secondary flow are briefly analyzed.
[image: Figure 10]FIGURE 10 | Diagram of ejector refrigeration system using preheater.
5.1 Influence of mixed working fluid mass fraction on system performance
Figures 11A, B show the change rule of the ejection rate and COP of the ejector refrigeration system driven by the jacket water and the exhaust gas of the refrigerated truck together with the mass fraction ratio of the mixed working medium. Regardless of whether the jacket water is used for preheating, the ejection rate and COP of the two systems are the same, that is, a preheater cannot change Ejection rate and COP of the system under the same other conditions. This is because adding a preheater only increases the total heat exchange between the working fluid and the heat source, thereby increasing the primary flow rate. The ejection rate is related to the ejector model and the parameters of each state point of the refrigerant. In the case of the same mixed working medium and mass fraction, adding a preheater does not change the state parameters of each state point, so the ejection rate remains unchanged. The ejection rate, the state parameters of each state point and the COP remain unchanged.
[image: Figure 11]FIGURE 11 | Effect of mass fraction of mixed working fluid on system performance with and without preheater. (A) Ejection rate as a function of mass fraction. (B) COP variation as a function of mass fraction. (C) Cooling capacity of two system as a function of mass fraction. (D) Variation of exergy efficiency with mass fraction with preheater. (E) Variation of exergy efficiency with mass fraction without preheater.
Figure 11C describes the variation of cooling capacity with mass fraction. For the convenience of comparative analysis, two sets of cooling capacity variation curve groups with and without preheater are shown in Figure 11C. Obviously, after adding the preheater, the overall cooling capacity of the system with four groups of mixed working fluids is much higher than that without the preheater, but the change trend is the same as that before the preheater is not used. After using the preheater, the maximum cooling capacity of the system appears at R142b/R134a (0.6/0.4), which is 16.0994 kW. When the preheater is not used, the cooling capacity here is 11.0165 kW, with an increase of about 46.14%. For the working fluid R141b/R245fa, the maximum cooling capacity occurs at the mass fraction ratio of 0.4/0.6 when the preheater is not used. After using the preheater, the maximum cooling capacity appears at 14.8066 kW, which is an increase of about 34.53% compared to the cooling capacity (11.0058 kW) when the preheater is not used at this mass fraction. The working fluid R142b/R152a has a maximum cooling capacity of 14.7606 kW (0.7/0.3), with an increase of about 41.13% compared to when the preheater (10.4590) is not used. For the working fluid R141b/R123, the overall cooling capacity does not change much with the mass fraction, and the overall cooling capacity is around 12 kW. The increase in cooling capacity is due to the existence of the preheater, which increases the total heat exchange between the primary stream and the heat source, thereby increasing the primary stream flow. When the ejection rate remains unchanged, the flow rate of the secondary flow also increases, so that the heat exchange with the refrigerant in the evaporator increases, that is, the cooling capacity increases. In addition, it can be seen that the increase rate of cooling capacity is very high by using the preheater.
It can be seen from Figures 11D, E that after the preheater is used, the exergy efficiency of each mixed working fluid is improved, but the overall change still shows a trend of first rising and then falling with the increase of the mass fraction (Sleiti et al., 2021). There is a mass-to-fraction ratio that makes exergy the most efficient. The highest exergy efficiency of the system occurs with R142b/R134a (0.6/0.4), which is 5.45%. The reason for the improvement of exergy efficiency is that when the preheater is not used, although the temperature difference of the heat exchange narrow point in the generator is preset to be 30°C, the temperature of state point 10 must be higher than 120 °C to avoid the influence of the acid dew point of the exhaust gas, the outlet of the exhaust heat source, the state point, which makes the actual heat exchange narrow point temperature difference in the generator higher than 30°C, the irreversible loss of heat exchange increases, and the exergy efficiency is low. After using the preheater, the heat required for the primary flow is first supplied by the jacket water, and then supplied by the exhaust gas. Compared with before, the heat absorbed from the exhaust gas is less at this time. Even with the acid dew point limitation, this makes the actual pinch point temperature difference in the generator lower than without the use of a preheater, thus reducing irreversibility. While there are exergy losses in the preheater, it is not as deeply affected as the reduced irreversibility in the generator. Therefore, the exergy efficiency of the whole system is improved.
Figure 12 depicts the change of the exergy loss of the system’s main components with varied the mass fraction ratio of the mixed working medium using the preheater. Combining the four diagrams Figure 12A–D, it can be found that the largest exergy loss still occurs in the generator and the ejector, followed by the condenser and the preheater, and the exergy loss in the two is not much different. Comparing with the results in Figure 5, it can be concluded that the exergy loss of the generator is about 6–6.5 kW after using the preheater, which is about 1 kW lower than that of without preheater. This is because the temperature of the refrigerant entering the generator increases, the temperature difference with the heat source decreases, and the irreversibility of heat transfer decreases after being preheated by the preheater.
[image: Figure 12]FIGURE 12 | (A–D) show the variation of exergy loss of parts with mass fraction when four sets of mixed working fluids are used.
5.2 The effect of operating conditions on system performance
In the previous section, by combining the cooling capacity and exergy efficiency of the system, R142b/R134a (0.6/0.4) can be obtained as the optimal working fluid. This section examines the effect of operating conditions on the performance of a jet refrigeration system driven by both exhaust gas and jacket water, including generation temperature, condensation temperature, evaporating temperature, and secondary stream pressure drop. This section only uses R142b/R134a (0.6/0.4) as the working fluid to briefly discuss the above content.
5.2.1 Influence of generation temperature on system performance
Figure 13A depicts the trend of system performance as a function of generation temperature. Both the ejector ejection rate and the system COP increase with the increase of the generation temperature. This is because under the defined generation temperature, the corresponding generating pressure and the overall operating pressure of the system will increase when the generating temperature is increased, which improves the ejection rate and COP. The cooling capacity also increases with the increase of the temperature, where the cooling capacity changes very little when the temperature is between 75°C and 80°C and the cooling capacity has a maximum cooling capacity of 17 kW at 95°C. In contrast, the exergy efficiency first decreased and then increased with increased in the generation temperature. This may be because the degree of irreversibility caused by the preheater is greater than that by the generator when the generation temperature is lower than 80°C, owing to the increase in temperature.
[image: Figure 13]FIGURE 13 | Effect of (A) generation temperature (B) condensation temperature (C) evaporation temperature and (D) pressure drop on System Performance with R142b/R134a (0.6/0.4) refrigerants.
5.2.2 Effect of condensation temperature on system performance
As shown in Figure 13B, the ejector ejection rate, COP, cooling capacity, and exergy efficiency all show a sharp decrease trend with the increase of condensation temperature. Under the condition that other conditions remain unchanged, when the condensation temperature is 22°C, the system has the best performance. At this time, the ejection rate, COP, cooling capacity and exergy efficiency are respectively: 0.85, 0.67, 33.39 kW, 11%, which is obviously an ideal condition. In practice, it is difficult to achieve such a low condensation temperature. However, in terms of the changing trend, the lower the condensation temperature, the better the performance of the system. Therefore, in order to improve the performance of the system, an appropriate and low condensation temperature should be selected as much as possible.
5.2.3 Effect of evaporation temperature on system performance
Figure 13C shows the change of the system performance with the evaporation temperature after using the preheater. Similarly, the change law of these four evaluation parameters is consistent with the change law when the preheater is not used. The ejection rate, COP and cooling capacity reached the optimal values at the evaporation temperature of 6°C, which were 0.46, 0.36 and 17.26 kW, respectively. However, the exergy efficiency shows a trend of increasing first and then decreasing, and the maximum exergy efficiency is 5.45% when the evaporation temperature is 5°C.
5.2.4 The effect of pressure drop on system performance
Figure 13D depict system performance as a function of secondary flow pressure drop. For the mixed working fluid we selected (R142b/R134a: 0.6/0.4), the ejection rate, COP, cooling capacity and exergy efficiency of the ejector all show a trend of increasing first and then decreasing with the increase of pressure drop. The optimal performance of the system occurs when the pressure drop is 30 kPa, and the ejection rate, COP, cooling capacity and exergy efficiency are 0.46, 0.36, 17.31 kW and 5.86%, respectively.
6 CONCLUSION
This paper presents the design of two jet refrigeration cycle systems: one is a conventional refrigeration system using engine exhaust as the heat source, and the other is an improved system with the addition of a preheater to recover heat from the jacket water. The study achieved energy savings and emission reductions, improved fuel utilization and provided cooling capacity for refrigerated vehicle compartments. The main research findings of this paper are as follows:
(1) Among the four refrigerants selected in the system, which include R141b/R123, R141b/R245fa, R142b/R134a, and R142b/R152a, the R141b/R245fa mixture with a mass fraction of 0.4/0.6 exhibits the best overall performance.
(2) Regardless of the working fluid chosen or its ratio, the sensible heat loss in the generator is the highest. In addition, using the preheater reduces the sensible heat loss in the generator by 1 kW compared to not using the preheater.
(3) The sensible exergy loss remains relatively unchanged with variations in the mass fraction of the working fluid, regardless of the hybrid working fluid chosen.
(4) The impact of the two selected working fluid blends, R141b/R123 (0.7/0.3) and R141b/R245fa (0.4/0.6), on system performance decreases significantly as the pressure drop increases. In addition, when the pressure drop reaches 25 kPa, the performance of the system using the R141b/R123 (0.7/0.3) mixture is the worst, while when the pressure drop reaches 35 kPa, the performance of the system using the R141b/R245fa (0.4/0.6) mixture is the worst.
(5) Regardless of which hybrid working fluid is used in the two systems, with the exception of the exergy efficiency, the system ejector ejection rate, coefficient of performance (COP), and cooling capacity all increase with the decrease of the decrease of the condensation temperature, the increase of the generator temperature, and the increase of the evaporator temperature.
(6) After adding the preheater, the system using R142b/R134a (0.6/0.4) hybrid refrigerant achieves a maximum cooling capacity of 16.0994 kW and a maximum exergy efficiency of 5.45%. This represents a 46.14% increase in cooling capacity compared to the case without the use of the preheater.
This study suggests the possibility of combining the ejector cycle with other cycles, such as the Rankine cycle, to achieve multiple outputs. Further research can explore how to optimize the performance of the combined cycle to improve energy efficiency and cooling capacity. This can include investigation of control strategies, thermodynamic cycle optimization and other aspects. These research directions can further promote the application of the ejector refrigeration cycle in the fields of waste heat recovery and refrigeration, improving system performance and energy use efficiency.
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